for the Pediatric Heart Transplant Study Investigators Background-Current ventricular assist devices (VADs) in the United States are designed primarily for adult use. Data on VADs as a bridge to transplantation in children are limited. Methods and Results-A multi-institutional, prospectively maintained database of outcomes in children after listing for heart transplantation (nϭ2375) was used to analyze outcomes of VAD patients (nϭ99, 4%) listed between January 1993 and December 2003. Median age at VAD implantation was 13.3 years (range, 2 days to 17.9 years); diagnoses were cardiomyopathy (78%) and congenital heart disease (22%). Mean duration of support was 57 days (range, 1 to 465 days). Seventy-three percent were supported with a long-term device, with 39% requiring biventricular support. Seventy-seven patients (77%) survived to transplantation, 5 patients were successfully weaned from support and recovered, and 17 patients (17%) died on support. In the recent era (2000 to 2003), successful bridge to transplantation with VAD was achieved in 86% of patients. Peak hazard for death while waiting was the first 2 weeks after VAD placement. Risk factors for death while awaiting a transplant included earlier era of implantation (Pϭ0.05), female gender (Pϭ0.02), and congenital disease diagnosis (Pϭ0.05). There was no difference in 5-year survival after transplantation for patients on VAD at time of transplantation as compared with those not requiring VAD. Conclusions-VAD support in children successfully bridged 77% of patients to transplantation, with posttransplantation outcomes comparable to those not requiring VAD. These encouraging results emphasize the need to further understand patient selection and to delineate the impact of VAD technology for children.
M
echanical circulatory support as a bridge to heart transplantation in children has been used routinely in many centers. [1] [2] [3] [4] [5] Extracorporeal membrane oxygenation (ECMO) has traditionally been the mainstay of this therapy but is limited to support only in the acute setting. 6 -8 Waiting times for transplants often exceed the time that patients can be supported successfully with ECMO. Ventricular assist devices (VADs) in adults have been successful as a long-term bridge to transplantation and as destination therapy. 9 -11 There is substantially less experience with VADs in children; existing reports are limited to relatively small numbers of patients.
This report uses the Pediatric Heart Transplant Study (PHTS) database, which contains data from 23 pediatric heart transplantation centers in North America. The aims of this study were (1) to describe the clinical course and adverse events in pediatric patients requiring VADs as a bridge to transplantation, (2) to define risk factors for death
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while waiting on support, and (3) to compare posttransplantation survival between patients who did and did not receive pretransplantation VAD support.
Methods

Patient Selection and Data Collection
Data were analyzed from the PHTS database, which is a prospectively maintained database of patients Ͻ18 years of age listed for heart transplantation at 23 North American centers. Data collection and management have been described previously 12 (see Appendix in the online Data Supplement for participating centers). All centers had Institutional Review Board approval for data collection through the PHTS. All approvals are kept on file at the Data Analysis and Coordinating Center. Between January 1, 1993, and December 31, 2003, 2375 patients were enrolled in PHTS. Of this cohort, 99 children underwent implantation of VAD before transplantation. The decision for VAD implantation was made at the discretion of the primary team on the basis of individual institutional clinical guidelines.
Supplemental data collection was undertaken retrospectively of the 99 VAD patients to delineate complications and clinical course of the VAD therapy. Of the 18 institutions with at least 1 patient on VAD, 100% submitted supplemental data collection forms. Duplicate data were cross-referenced with PHTS forms, and any discrepancies were resolved.
Data Analysis
The VAD study group (nϭ99) was compared with the remaining 2276 patients listed for transplantation during the same time era from all 23 institutions in the PHTS. Patients were divided into status 1 and status 2 groups on the basis of United Network of Organ Sharing urgency status at the time of listing. The status 1 group included all patients listed as status 1 before 1999 and as status 1A or 1B after 1999. Preliminary data collection separated patients who were on VAD at the time of listing from patients who underwent VAD implantation after listing for transplantation. Preliminary analysis revealed that patient characteristics and outcomes were not distinct between these groups. They were therefore combined into a single group of patients, and standard Kaplan-Meier and parametric analyses were used for survival analysis. Patients supported by ECMO alone (without conversion to VAD support) were not included in the VAD group. Analysis was done with the ECMO group included within the non-VAD status 1 group and repeated with the ECMO patients excluded completely. Competing-outcomes methods were used to analyze outcome after implantation. 13 Multivariate analysis in the hazard-function domain was used to identify risk factors for death. 14 The authors had full access to the data and take full responsibility for their integrity. All authors have read and agree to the manuscript as written.
Results
Patient Characteristics
Of the 2375 patients enrolled in PHTS, 99 patients (4%) had VAD implantation. Patient characteristics of the VAD group are summarized in Table 1 . There were 32 girls and 67 boys, with a median age at implantation of 13.3 years (range, 2 days to 17.9 years) and median weight of 56 kg (range, 3 to 150 kg). Origin of heart disease included 21 patients with congenital heart defects (single ventricle, nϭ5), L-transposition of the great arteries (nϭ5), critical aortic stenosis (nϭ3), and other 2-ventricle postcardiotomy congenital disease (nϭ8). The median age at listing of the congenital group was 13.5 years and of the cardiomyopathy group was 13 years. All patients met criteria for status 1 listing before VAD implantation, including 34 patients on inotropes alone, 41 requiring ventilatory support in addition to inotropes, and 26 bridged to VAD implantation from another form of mechanical support. These other types of mechanical support included intra-aortic balloon pump in 11 patients, ECMO in 10 patients, and transition directly from cardiopulmonary bypass in 3 patients. Two patients required a second VAD as a result of failure of the primary device.
Frequency of VAD use over the decade of this study is illustrated in Figure 1 . Patients with VAD at listing and patients with VAD at transplantation increased over time; in the most recent era, 7.2% of pediatric patients who had undergone transplantation were supported with VADs at the time of transplantation. Over time, the device type changed also, with long-term devices used more commonly than short-term devices in the current era (30 long-term devices of 47 [64%] in the early era, 40 of 49 [82%] in the current era; Pϭ0.05). Of the 18 PHTS centers implanting VADs, 7 centers placed 1 or 2 VADs during the study period, 9 centers implanted 4 to 8 VADs, and 2 centers placed 13 and 20 VADs, respectively.
Of the VAD patients, 59 were supported by left ventricular support alone, whereas 37 patients required biventricular support ( Table 2 ). The distribution of body surface area and age in each category illustrates that the long-term pulsatile systems were used in larger adolescent patients, whereas centrifugal VAD was the predominant form of support in smaller children (Table 3) . Two patients were supported with a combination of a pulsatile device for left ventricular support and a centrifugal pump for right ventricular support. Twentysix patients were supported with short-term devices (BVS 5000, Abiomed Inc, Danvers, Mass, or Bio-Pump, Medtronic, Minneapolis, Minn); 70 patients were supported with longterm devices. Ten patients were supported with ECMO acutely and "double"-bridged to transplantation with VAD implantation after ECMO resuscitation. Values are median (range) when appropriate. *All variables were significantly different between the groups, PϽ0.05. †Single-ventricle (nϭ5), L-transposition of the great arteries (nϭ5), critical aortic stenosis (nϭ3), other 2-ventricle congenital disease after cardiotomy (nϭ8).
‡Intra-aortic balloon pump (nϭ11), ECMO (nϭ10), cardiopulmonary bypass (nϭ3), prior VAD (nϭ2). 
Survival to Transplantation
Seventy-seven patients were successfully bridged to heart transplantation, with an additional 5 patients explanted because of myocardial recovery. The probability of successful bridge to transplantation (censored at transplantation) after VAD implantation was 85%, 80%, and 76% at 1, 3, and 6 months, respectively ( Figure 2 ). The hazard function (instantaneous risk) was highest immediately after implantation. Competing outcomes by era ( Figure 3 ) show that at 6 months after transplantation in the current era (2000 to 2003), 86% of patients had undergone transplantation, 8% had died, and 6% were still listed. There were 17 deaths while awaiting transplantation among the 99 VAD patients (17%). Causes of death after VAD implantation in the 17 nonsurvivors were stroke in 11 (65%), infection and sepsis in 3 (17%), multisystem organ failure in 2 (12%), and arrhythmia in 1 (5%).
Of the 10 patients bridged to VAD implantation from ECMO, 9 had undergone successful transplantations. There was no difference in the median duration of support based on the intensity of support required before implantation (inotropes versus ventilator with or without mechanical support, 38 days [range, 1 to 343 days] versus 34 days [range, 1 to 465 days]; Pϭ0.39). However, the need for mechanical ventilation and/or mechanical support before VAD support tended toward a higher pretransplantation mortality rate than that of patients supported by inotropes alone (25% versus 9%; Pϭ0.07).
Postimplantation Course
The overall mean length of support was 57 days (median, 25 days; range, 1 to 465 days). The adverse events of pediatric patients after VAD implantation are summarized in Table 4 . Major adverse events during VAD support included reoperation for bleeding in 35 patients, infection in 35, stroke in 19, and hemolysis in 16. There was no significant difference in rate of adverse events based on age or body surface area.
Because outcomes are different in adults between shortterm and long-term devices, these subgroups were analyzed separately ( Table 4) . As expected, mean length of support differed between the 2 groups (9.4 versus 70 days). Clinical course of the patients on long-term support devices revealed 84% extubated and 73% successfully ambulating, whereas the vast majority of the short-term device patients were not. A comparison of primary outcomes shows that the 70 patients with long-term devices were significantly more likely to successfully bridge to transplantation than were the 26 patients with short-term devices (Pϭ0.003). In addition, there was a statistically significant difference in the adverse event of stroke, with 9 of 26 patients (35%) supported with short-term devices experiencing a cerebrovascular event as compared with 9 of 70 patients (13%) with a long-term device (Pϭ0.02). The rate of infection was significantly higher in the long-term device patients than in the short-term device patients (29 of 70 [41%] versus 3 of 26 [12%]; Pϭ0.004). There were no significant differences in the adverse events of reoperation for bleeding, hemolysis, or thrombosis between the device types, nor was there a difference in cause of death between groups.
Comparison With Non-VAD Listed Patients
Compared with the other 1619 patients listed as status 1 in the same era who did not require VAD support, survival after listing was comparable between patients with VAD and non-VAD patients (Pϭ0.4; Figure 4 ). After exclusion of the 174 patients on ECMO at the time of listing from the status 1 group, there was still no difference in survival to transplantation between the VAD group and the status 1 group who did not require any mechanical support (Pϭ0.63).
Risk Factors for Death While Waiting in VAD Patients
The univariate analysis was significant for several variables, including younger age (Pϭ0.006; Figure 5A ), congenital Figure 5B ), smaller body surface area (Pϭ0.01), earlier era (Pϭ0.01), gender (Pϭ0.05), and device type (Pϭ0.0001) (all of which were used in the multivariate model). Examples of these univariate Kaplan-Meier curves are depicted in Figure 5 , showing the unadjusted effect of age and congenital diagnosis on survival to transplantation after implantation. Of note, there was no difference in survival between patients needing LVAD alone and those supported with biventricular support (Pϭ0.9). In the multivariate model (Table 5) , congenital heart disease (Pϭ0.05), female gender (Pϭ0.02), and earlier year of implantation (Pϭ0.02) were the independent risk factors for death while waiting.
Posttransplantation Survival
To examine the effect of VAD implantation on posttransplantation survival, the Kaplan-Meier posttransplantation survival curves were analyzed, comparing the patients who were successfully bridged to transplantation with VAD (nϭ76) with those other patients who had undergone transplantation as a status 1 (nϭ1144) and those patients who had undergone transplantation as status 2 (nϭ350). There was no statistically significant difference (Pϭ0.8) in posttransplantation mortality between these groups ( Figure 6 ).
Discussion
The use of long-term mechanical circulatory support in children has increased substantially over the past decade as waiting times for scarce pediatric heart allografts have increased and understanding of recovery of cardiac function has improved. Despite using VAD technology developed for adults, this study demonstrates that VADs may be used as bridge to transplantation therapy in appropriately sized children with the expectation of a successful outcome in the majority of patients. In the current era, 86% of pediatric patients who received a VAD were successfully bridged to transplantation. On closer analysis, it is apparent that successful application of these devices is disappointing in the subgroups of patient with congenital heart disease and in the smaller, younger patients who rarely are large enough for most long-term assist devices. Perhaps most important, the present analysis is the first to demonstrate that posttransplantation survival for pediatric patients who were bridged with VAD implant is similar to that of status 1 patients who did not require such support. This is a significant improvement when compared with studies of outcome of ECMO as a bridge to transplantation that demonstrate 47% to 57% survival to transplantation. [1] [2] [3] Previously, smaller single-center studies 4 and device registry data 5, 15, 16 reported an Ϸ60% successful bridge to transplantation in pediatric patients supported with VAD. This is the first study that clearly demonstrates an era effect for the success of VAD implantation in the pediatric population. In general, the earliest experience involved the most critically ill children who often were near death at the time of VAD implantation. Improved outcomes in the most recent era may be influenced by the centers' increasing experience with the surgical techniques, timing, and postoperative care; the use of more long-term devices over time; and refinements in patient selection. In fact, these refinements appear to have resulted in improved outcomes over time despite the increasing use of VADs in smaller and more complex patients. [17] [18] [19] Further study is warranted to optimize criteria for patient 20 and device selection.
With the decrease in the early multisystem failure after implantation, the adverse events associated with the longterm support have become the most critical obstacle. A major source of morbidity after pediatric VAD implantation continues to be neurological complications, 5, 15 with a 20% incidence of stroke in this study, a large proportion of which (11 of 19) were fatal. This rate was statistically different between short-term devices (35%) and those intended for long-term support (13%; Pϭ0.02). A better understanding of the developmental changes in the coagulation cascade after implantation might facilitate a reduction in the high rate of bleeding and thromboembolic events during VAD support in children. In addition, research efforts into pediatric VAD technology must address biocompatibility issues to mitigate the risks arising from blood-surface interactions in these devices that may be unique to both lower flows and the pediatric patient. The introduction of pediatric-specific devices in the past year has brought this issue to the forefront.
The adverse event profile and hazard function for death from this study are remarkably similar to those reported from the larger International Society for Heart and Lung Transplantation mechanical circulatory support device database. 11 Outcomes of long-term versus short-term devices are also similar to the adult data. The significant increase in mortality of adult patients 11 bridged to transplantation with biventricular support versus left ventricular support alone, however, was not found in our study. Although the numbers are smaller, there was no survival difference for children supported with either left ventricular or biventricular support. One possible explanation for this comes from an examination of the underlying pathophysiology that necessitates mechanical circulatory support in children as compared with adults. The progression to right ventricular (biventricular) failure as a result of coronary artery disease or valvular disease in adults may suggest advanced and chronic disease that may be unresponsive to treatment with or without mechanical circulatory support. However, right ventricular failure and biventricular failure in children may be due to more acute primary pathophysiologies that occur without the advanced systemic disease. In adults on long-term devices, normalization of cardiac output provided by long-term and implantable VADs allows a period of improvement in end-organ function that, combined with patient ambulation and cardiac rehabilitation, optimizes patient condition before transplantation. The present study demonstrates that most pediatric patients bridged to transplantation with long-term VAD implantation were extubated and ambulating. This represents a substantial advantage over both ECMO support and the short-term devices with which ambulation and extubation are generally not possible during support.
The present study is limited by the retrospective nature of the supplementary data collection and the relatively small number of patients with VAD implantation. It also must be noted that the inclusion criteria for the PHTS include listing for transplantation. Thus, it is possible that centers may have had post-VAD implantation deaths in patients who were not listed for transplantation and therefore not enrolled in PHTS. A survey of all enrolling centers identified only 7 additional patients who received a VAD but were not listed within the PHTS during the study period. We acknowledge that death after implantation may be underestimated in this report and may limit the generalizability of this data set. In addition, we acknowledge that only a randomized clinical trial can fully address the issue of efficacy and survival benefit with this technology and that this will be difficult because of small numbers.
Risk factors for death after pediatric VAD implantation in this study included era of implantation, diagnosis of congenital heart disease, and gender. It should be noted that although device type and age of patient were highly significant univariate factors, both lost significance once entered into the multivariate model. Device type and era were closely linked to one another. Other preoperative markers of end-organ function, anticoagulation protocols, and antibiotics prophylaxis protocols will be collected in the prospective registry (Intermacs), which should provide additional information of the role of VADs in pediatric circulatory support.
In conclusion, VAD support provides successful bridge to transplantation in 77% of listed patients and 86% in the current era. Posttransplantation survival is comparable to non-VAD patients. These encouraging results emphasize the need to further understand patient selection and to further delineate the impact of VAD technology and its associated adverse events within the pediatric end-stage heart failure population. 
